Ca 2+ oscillations are a hallmark of mammalian fertilization and play a central role in the activation of development. The calcium required for these oscillations is primarily derived from the endoplasmic reticulum (ER), which accumulates in clusters at the microvillar subcortex during oocyte maturation. The migration of the ER to the cortex during maturation is thought to play an important role in rendering the ER competent to generate the calcium transients, and the redistribution of ER is believed to be primarily mediated by microtubules and microfilaments. We have previously shown that the oocyte-and early embryo-restricted maternal effect gene Mater (Nlrp5) localizes to, and is required for, formation of the oocyte cytoplasmic lattices, a tubulincontaining structure that appears to play an important role in organelle positioning and distribution during oocyte maturation. Given these observations, we hypothesized that Mater may also be required for ER redistribution and Ca 2+ homeostasis in oocytes. To test this hypothesis, we first investigated ER localization in metaphase-II Mater tm/tm (hypomorph) oocytes and found ER clusters to be less abundant at the microvillar cortex when compared to wild type oocytes. To examine the potential mechanisms by which MATER mediates ER redistribution, we tested whether tubulin expression levels and localization were affected in the mutant oocytes and found that the Triton-insoluble fraction of tubulin was significantly decreased in Mater tm/tm oocytes. To identify potential functional defects associated with these ER abnormalities, we next set out to investigate if the pattern of Ca 2+ oscillations was altered in Mater tm/tm oocytes after fertilization in vitro. Intriguingly, Ca 2+ oscillations in Mater tm/tm oocytes exhibited a significantly lower first peak amplitude and a higher frequency when compared to wild type oocytes. We then found that the Ca 2+ oscillation defect in Mater tm/tm oocytes was likely caused by a reduced amount of Ca 2+ in the ER stores. Taken together, these observations support the hypothesis that MATER is required for ER distribution and Ca 2+ homeostasis in oocytes, likely due to defects in latticemediated ER positioning and/or redistribution.
Introduction
Ca 2+ oscillations are a hallmark of mammalian fertilization and regulate the transition of oocytes into early embryos (Cuthbertson and Cobbold, 1985; Stricker, 1999; Whitaker, 2006) . The prevailing model of calcium regulation at egg activation involves initial release when sperm release phospholipase C zeta (PLCz) into the oocyte cytoplasm (Saunders et al., 2002) . PLCz then cleaves phosphatidylinositol 4, 5-bisphosphate (PIP 2 ) into 1, 4, 5-trisphosphate (IP 3 ) and diacylglycerol (DAG). Binding of IP 3 to IP 3 receptors (IP 3 Rs) located at the ER membranes elicits the release of Ca 2+ from the ER resulting in a rise of intracellular Ca 2+ ([Ca 2+ ] i ) (Miyazaki et al., 1992) . This initial rise in [Ca 2+ ] i is followed by repetitive [Ca 2+ ] i transients, termed Ca 2+ oscillations, which stimulate egg activation and embryonic development (Runft et al., 2002; Miyazaki and Ito, 2006) .
Metaphase II (MII) arrested oocytes show a higher level of IP 3 -induced Ca 2+ release at fertilization compared to GV stage oocytes (Fujiwara et al., 1993; Mehlmann and Kline, 1994) . This finding indicates that changes occur during oocyte maturation to promote optimized IP 3 -induced Ca 2+ transients. These changes include upregulation and posttranslational modification of IP 3 Rs, an increase of Ca 2+ stores, and a redistribution of the endoplasmic reticulum (ER) to the microvillar cortex. More specifically, Ca 2+ stores in the ER have been shown to increase during maturation and these increases are directly correlated with optimized Ca 2+ oscillation patterns at fertilization (Tombes et al., 1992; Jones et al., 1995) . Additionally, expression levels and phosphorylation of IP 3 R-1, the primary IP 3 R isoform in mammalian oocytes, increases during maturation and these increases are related to IP 3 R-1 sensitivity (Mehlmann et al., 1996; Parrington et al., 1998; Xu et al., 2003) . Such molecular changes are accompanied by a redistribution of the ER from a more evenly distributed pattern at the GV stage to more polarized pattern that is concentrated at the vegetal cortex in metaphase II-arrested oocytes (Kline et al., 1999; FitzHarris et al., 2007) . Given that the initial fertilization-induced Ca 2+ rise is seen to propagate from this region after sperm-egg fusion, it is generally believed that these cortical ER clusters are the primary source of calcium for the oscillation. Importantly, the redistribution of ER during oocyte maturation is conserved across a wide range of species, suggesting that ER re-targeting is critical for functional calcium oscillations (Jaffe and Terasaki, 1994; Shiraishi et al., 1995; Stricker et al., 1998; Terasaki et al., 2001; FitzHarris et al., 2007; Mann et al., 2010) .
Regarding the mechanisms by which the ER redistributes during oocyte maturation, previous studies have shown that microtubules (MTs) appear to be essential for this process (Mehlmann et al., 1995; FitzHarris et al., 2003; FitzHarris et al., 2007) . MTs, along with microfilaments, mediate two major redistributions of ER during oocyte maturation from a dispersed ER pattern at the GV stage, to a congression of ER around the nucleus during germinal vesicle breakdown (GVBD), and finally to an accumulation of ~1-2 μm clusters of ER appearing at the cortex of mature MII-arrested oocytes. However, studies investigating the role of the cytoskeleton in ER redistribution remain limited. Given that the dynamic redistribution of organelles during oocyte maturation occurs within an exceedingly large volume (relative to somatic cells), it stands to reason that the oocyte may have evolved a specific structure to help facilitate organelle positioning and distribution. Recent studies suggest that the oocyte cytoplasmic lattices might represent just such a structure. The cytoplasmic lattices first appear as oocytes start to grow and eventually become a dominant feature of the mature metaphase II-arrested mouse oocyte (Wassarman and Josefowicz, 1978; Garcia et al., 1979; Sternlicht and Schultz, 1981) . More recently, the maternal effect gene, peptidylarginine deiminase 6 (PADI6), was found to localize to the lattices, thus providing insight into the molecular nature of this structure (Wright et al., 2003) . PADI6 is an oocyte and early embryo abundant maternal effect gene, whose genes are produced and stored in the oocytes, and required for embryonic development (Esposito et al., 2007) . Through use of Padi6 knockout mice, we have found that PADI6 is required for lattice formation and that the lattices appear to contain or regulate a stable form of non-spindle associated microtubules (Kan et al., 2011) . Furthermore, we found that targeting of the ER and mitochondria to the oocyte cortex and the peri-spindle regions during maturation was defective in Padi6 mutant oocytes, thus suggesting that PADI6 and the lattices play a vital role in microtubule-mediated organelle redistribution.
MATER represents another oocyte-and embryo-abundant maternal effect gene that is essential for female fertility (Tong et al., 2000) . We previously showed that, similar to PADI6, MATER also localize to the oocyte's cytoplasmic lattices and is required for lattice formation (Kim et al., 2010) . Given our findings with PADI6, here we decided to test whether similar organelle redistribution defects occur in mutant, hypomorphic Mater oocytes. Furthermore, given the requirement of cortical ER clustering for optimal calcium signaling in mature oocytes, we also tested whether Ca 2+ homeostasis was defective in mutant Mater oocytes. Outcomes from our study indicate that both ER positioning and Ca 2+ signaling do appear to be significantly altered in mutant Mater oocytes. These findings provide new insight into the molecular mechanisms driving ER positioning and function in the mammalian oocyte.
Materials and methods

Mice
Oocytes were collected from Mater +/+ and Mater tm/tm mice. The generation of MATER transgenic mice has been described elsewhere (Tong et al., 2000) . Originally, Mater tm/tm mice were identified as knockout mice, but the advanced molecular techniques later identified residual amounts of MATER protein in Mater tm/tm oocytes, and therefore, these mice are now called Mater tm/tm or Mater hypomorphs (Ohsugi et al., 2008) . CD-1 male mice were purchased from commercial vendors. Mouse colonies were housed in the ECRF mouse facility at Cornell University's College of Veterinary Medicine in accordance with the "NIH Guidelines for the Care and Use of Laboratory Animals," and all experiments were performed with permission of Cornell University's Institutional Animal Care and Use Committee.
Collection of gametes
Oocytes-Germinal vesicle stage oocytes were collected from 4-6 week female mice in M2 media (supplemented with 200 μM IBMX) approximately 46-48 h after injection of 2.5-5 IU pregnant mare serum gonadotrophin (PMSG). Metaphase II oocytes were collected 12.5-14 h after injection of ~5 IU of human chorionic gonadotrophin (hCG) and cumulus cells were removed using 0.1% Hyaluronidase. For zona-free oocytes, MII eggs were collected in Tyrode-HEPES buffer with PVA. To remove the zona pellucida, eggs were briefly treated with acid tyrode solution (pH 1.6) and washed 3X in Tyrode-HEPES with PVA.
Sperm-For in vitro fertilization, cauda epididymal sperm were collected into 900 μl of HTF media (supplemented with 4 mg/ml BSA) from retired CD1 breeding males. To capacitate sperm, 100 μl of the sample was further diluted in 200 μl HTF media and incubated for 2-3 h in 37 °C incubator with 5% CO 2 .
Ca 2+ imaging
For Ca 2+ imaging, oocytes were loaded with 1.5 μM Fluo-4 AM (molecular probes) and 0.2% Pluronic F-127 in Tyrode-HEPES buffer with PVA for 20 min at 37 ºC or room temperature. Oocytes were washed 3X with Ca 2+ free Tyrode-HEPES (containing 1 mM EGTA) and attached to poly-l-lysine coated Mattek dish for imaging. After baseline signals were recorded, thapsigargin (5 μM) or ionomycin (1 μM) was added to the media to release Ca 2+ from stores. Images were taken at room temperature every 1.573 second using an Argon laser-equipped Zeiss 510 confocal microscope (objective = 20x, filter set: BP 505-550). For imaging Ca 2+ oscillations, eggs were attached to Mattek dish in 50 μl of HTF media (without BSA) under mineral oil following brief washes in Tyrode-HEPES and HTF media. 50 μl of HTF media (with 8 mg/ml BSA) was then added to the dish and the eggs were inseminated with ~3000 sperm. Upon insemination, eggs were imaged for 2 h every 20 sec using a Zeiss LSM 510 confocal microscope with 20x objective. Amplitude and frequency of Ca 2+ oscillations were recorded from 21 Mater +/+ and 28 Mater tm/tm oocytes in 4 independent experiments and analyzed as indicated in the statistical analysis section.
Lentiviral infection
Flag-tagged Mater was subcloned into a TetO-FUW vector and viral packaging plasmids psPAX2 and pMD2.G (plasmids were gifts from Dr. John Schimenti) were co-transfected with TetO-FUW-Mater, rtTA into 293T cells. Viral supernatants were collected 48-72 h after transfection, and rtTA and TetO-FUW-Mater were pooled together and concentrated. 3×10 5 Cos-1 cells were seeded into 6 well plates one day prior to infection and cells were infected for 24 h. 2 μg/ml doxycycline was added into viral infected cells and assayed 48-72 h later.
Immunoprecipitation
HEK293 cells were transfected with MATER-pcDNA3.1 construct or pcNDA3.1 empty vector as a control (plasmids were gifts from Dr. Lawrence Nelson) using X-tremeGENE9 transfection reagent (Roche). 24 hours post transfection, cells were collected and lysed in RIPA buffer. The lysate was centrifuged and supernatants were pre-cleared with pre-imunue serum and protein A Sepharose beads. After clearing, supernatants were then incubated either with monoclonal anti-3-Tubulin or normal mouse IgG for 2 hours at 4 °C and further incubated with protein A Sepharose (GE Healthcare). The immune complex was pelleted, washed, and resolved by SDS-PAGE and immunoblotted as described below.
Western blotting
Western blotting procedure was described elsewhere (Kim et al., 2010) . Briefly, oocytes were collected, lysed in Laemmli buffer, and boiled for 10 min at 100°C. For western blotting, PVDF membranes were run in 7.5% or 10% PAGE gel, transferred overnight, blocked in TBST with 5% milk, and incubated 1 h with anti-GRP78 (1:500, Abcam), MATER (1:8000), Tubulin (1: 10000, Sigma), Actin (1:5000, Abcam) antibodies, or overnight with anti-Rbt03 antibody at 1:1000. Rbt03 antibodies were kindly gifted from Rafael Fissore (University of Massachusetts, Amherst) and MATER polyclonal antibodies have been generated in rabbit against the C-terminal peptides (VIDGDWYASDEDDRNWWKN, proteintech). Blots were developed using Immobilion Western HRP Chemiluminescent Substrate (Millipore) and Chemidoc MP (Biorad).
Microinjection
To label the endoplasmic reticulum, a saturated solution of DiI 18 (1,1'-dihexadecyl-3,3,3', 3 '-tetramethylindocarbocyanine perchlorate 18) (Molecular Probes) was prepared in soybean oil (Sigma). The DiI solution was loaded into a Femtotips II injection pipette (Eppendorf) with a microloader (Eppendorf). Oocytes were pressure-injected with the micropipette and Eppendorf TransferMan NK2 manipulator mounted on an inverted microscope (Nikon). MII-oocytes were injected immediately after collection in M2. Oocytes were then placed in a drop of Hepes buffered CZB+IBMX covered with mineral oil during the injection. A holding pipette (Humagen) was used to immobilize the oocytes and the injection pipette was pushed through the zona pellucida and plasma membrane. Each oocyte received ~5 pl of DiI solution via Eppendorf CellTram Vario microinjector. After injection, oocytes were cultured in CZB+IBMX for 0.5-2 h followed by laser-scanning confocal microscopy analyses (Carl Zeiss).
Confocal microscopy
Immunostaining and Triton extraction procedures for oocytes have been described previously (Kim et al., 2010) . For tubulin (1:1000, sigma) staining, oocytes were incubated with extraction buffer containing 0.1% Triton X-100 for 10 min prior to 4% paraformaldehyde fixation. For IP3R-1 staining, zona pellucida-free M-II oocytes were fixed with 4% PFA, permeabilized, and incubated with CT1 (1:10, Gift from Richard Wojcikiewicz, SUNY Upstate Medical University, Syracuse, NY) antibody overnight. For live staining, GV and MII oocytes were stained with ER tracker (Molecular Probes) for 25 min in MEM-alpha supplemented with 5% FBS, washed, and imaged using a Zeiss LSM 510 confocal microscop. Cos-1 cells were fixed with −20 °C methanol for 2 min, and washed in PBS. Cells were subsequently permeabilized in 0.5% Triton X-100 for 10 min, washed, and incubated with rabbit anti-MATER (1:500) or anti-alpha Tubulin (1:500, Sigma) in PBS with 1% BSA followed by 1 h incubation with appropriate Alexa Fluor conjugated secondary antibodies (1:500). Cells were mounted on slides with Fast Gold antifade agent (Molecular Probes) and imaged using a Confocal Microscope (Zeiss).
Statistical analysis
All experiments were repeated at least three times. The intensity of Fluo-4 was normalized to baseline and calculated using ImageJ. Values are given as mean ±STDEV. Values of amplitude and frequency were analyzed using student's t-test. Differences of p<0.05 were defined as significant.
Results
MATER is required for proper ER distribution in metaphase II oocytes
Our previous findings with PADI6 (Kan et al., 2011) suggested that organelle positioning defects in Mater tm/tm oocytes might only become manifest after the onset of oocyte maturation. To test this hypothesis, we first stained fully-grown GV stage Mater tm/tm oocytes with ER tracker and imaged the oocytes by confocal fluorescence microscopy. Results showed that the ER staining patterns appeared similar between Mater +/+ and Mater tm/tm GV oocytes (Fig. 1A) . This result suggested that, similar to PADI6, ER positioning in immature GV stage oocytes does not require MATER. We then evaluated ER distribution in mature Mater tm/tm MII oocytes using ER tracker and found that, as opposed to the more polarized ER distribution pattern in wild type oocytes, a more diffuse ER distribution pattern was observed in mature Mater tm/tm MII oocytes (Fig. 1A and C) . To further test whether ER localization was affected in mutant Mater oocytes, we next microinjected MII oocytes with the dicarbocyanine dye DiI 18 (DiI), a fluorescent lipophilic dye, and imaged DiI-injected oocytes using confocal microscopy (Mehlmann et al., 1995) . We found that the DiI staining in Mater +/+ oocytes was more polarized with cortical clusters of ER being seen at the oocyte cortex, which is in line with the previous reports (Mehlmann et al., 1995; FitzHarris et al., 2007; Kan et al., 2011) . However, in Mater tm/tm MII oocytes, the ER was distributed in a more non-polarized, diffuse manner with the reduced number of cortical ER clusters (Fig. 1B and C) . In order to gain insight into the dynamics of ER movements in mature Mater tm/tm oocytes, we first took advantage of the characteristics of lipid droplets in that they are closely apposed to ER (Szymanski et al., 2007) and readily visualized by light microscopy. We tracked the movement of lipid droplets by imaging wildtype and mutant GV oocytes going through oocyte maturation over 12 h (Supplemental Fig.  1 and Movie 1). The movie showed that lipid droplets aggregated around the nucleus, and then the spindle apparatus in Mater +/+ oocytes; however, they appeared to move randomly in Mater tm/tm oocytes during oocyte maturation. To specifically monitor the dynamics of ER movements in mature oocytes, we then imaged the DiI-stained oocytes by time-lapse microscopy at 10 second intervals for 20 minutes. Results demonstrated that that the ER cortical clusters appear to be stably localized to the cortex of wild-type oocytes (Supplemental Fig. 2 and Movie 2). However, in the mutant oocytes, ER clusters are seen throughout the interior of the oocyte cytoplasm and they do not appear to be targeted to the oocyte cortex.
MATER plays an important role in microtubule dynamics in oocytes
Previous studies have shown that microtubules are major drivers of ER redistribution during oocyte maturation. We demonstrated previously that PADI6 interacts with tubulin at the oocyte lattices and that PADI6 and the lattices appear to play a critical role in ER redistribution during oocyte maturation (Kan et al., 2011) . These findings suggested that the lattices play an important role in microtubule-mediated organelle redistribution during maturation. Therefore, to gain insight into the potential mechanisms behind the observed organelle redistribution failure in Mater tm/tm oocytes, we assessed whether the localization and/or levels of tubulin were altered in Mater tm/tm oocytes. We first investigated whether MATER co-localized with tubulin in Triton X-100 extracted Mater +/+ oocytes. GV oocytes were extracted for 10 minutes with 0.1% Triton X-100, fixed, and stained with anti-tubulin and anti-MATER antibodies. Confocal imaging of the oocytes revealed that, similar to PADI6, MATER co-localized with non-MT fraction of tubulin in the extracted GV oocytes (Fig. 2A) . The co-localization of MATER with tubulin was then further investigated by overexpressing MATER in Cos-1 cells and testing whether recombinant MATER (recMATER) co-localized with microtubules in this cell line. Results show that recMATER appeared to form aggregates and decorate the Cos-1 cell microtubules (Fig. 2B) . We then tested for a direct interaction between recMATER and tubulin in HEK293 cells and found that an anti-tubulin mAb can immunoprecipitate recMATER from the lysate, thus confirming a physical interaction between these two proteins (Fig. 2C) . We next investigated by confocal IIF (Fig. 2D ) and western blotting (Fig. 2E) whether depletion of MATER affected the microtubule/tubulin abundance or distribution in oocytes. Surprisingly, we found that, while the total amount of tubulin did not appear to be affected by depletion of MATER, the amount of Triton-insoluble tubulin was markedly reduced in Mater tm/tm GV stage oocytes ( Fig. 2D and E) . Taken together, these data support the hypothesis that MATER plays an important role in microtubule stability and/or dynamics in oocytes.
Intracellular Ca 2+ stores are decreased in Mater tm/tm oocytes
Targeting of the ER to subcortical clusters during oocyte maturation is thought to play a major role in ER-mediated Ca 2+ signaling at fertilization. The finding that mature MIIarrested Mater tm/tm oocytes contain a more diffuse ER distribution pattern, led to the hypothesis that ER function, particularly as a Ca 2+ source, might be compromised in Mater tm/tm oocytes. Therefore, we measured Ca 2+ release from intracellular stores in GV and MII oocytes to determine if Ca 2+ storage was affected in Mater tm/tm oocytes at either of these stages. Oocytes were loaded with the Ca 2+ sensitive dye, Fluo-4AM (Fluo-4) and treated with ionomycin (1 μM) to release Ca 2+ from stores. Calcium dynamics were then imaged as described above. Changes in Fluo-4 intensity were normalized to resting Ca 2+ levels and presented as F/F 0 . Results demonstrated that GV-stage Mater tm/tm oocytes responded to ionomycin to a similar degree as Mater +/+ oocytes (Fig. 3A) . However, we found that, while treatment of wild-type metaphase II-arrested oocytes with ionomycin led to a ~10-fold increase of the Fluo4 intensity, the hypomorph oocytes showed only a ~6 fold increased signal, indicating that depletion of MATER lead to a ~1.7 fold decrease in the level of stored Ca 2+ (Fig. 3B) . To investigate more directly the changes in ER Ca 2+ stores in hypomorph oocytes, we treated MII oocytes with 5 μM thapsigargin, which specifically blocks the ER Ca 2+ -ATPase pump (SERCA) (Thastrup et al., 1990) . Similar to ionomycin treatment, we found that Mater tm/tm MII oocytes showed a 30% decrease in Ca 2+ release from ER in response to thapsigargin treatment compared to wild type oocytes (Fig. 3C) . These data raise the possibility that the observed organelle redistribution defect in Mater hypomorph oocytes during oocyte maturation might lead to improper calcium storage in the ER in mature oocytes.
IP3R-1 distribution is altered in Mater tm/tm oocytes
Several lines of evidence indicate that the IP3R-1 is a major receptor for releasing Ca 2+ from the ER in mammalian oocytes (Parrington et al., 1998; Fissore et al., 1999) . Given that IP3R-1 is primarily thought to localize to the ER and that ER distribution was found to be defective in mutant oocytes, we next investigated the localization of IP3R-1 in Mater +/+ and Mater tm/tm MII oocytes by confocal microscopy. Zona pellucida-free MII oocytes were fixed and stained with IP3R-1 specific antibody as described previously. Results showed that, compared to wild type oocytes, IP3R-1 appeared to be diffusely localized throughout the cytoplasm in Mater tm/tm oocytes with the levels of IP3R-1 clusters at the oocyte cortex appearing to be reduced (Fig. 4A) . We then sought to determine the abundance of IP3R-1 protein in Mater +/+ and Mater tm/tm MII oocytes by Western blot analysis. Oocytes were collected, lysed, and subjected to immunoblot analysis. The blots were then incubated with the anti-Rbt03 antibody to detect IP3R-1, and an anti-Actin antibody was employed as a loading control. Results indicated that the expression level of IP3R-1 in Mater tm/tm oocytes was equivalent to that of Mater +/+ oocytes (Fig. 4B) . These findings suggest that, while IP3R-1 protein levels were not affected by MATER depletion, the localization of IP3R-1 does appear to be altered in these oocytes, thus supporting our finding that ER localization is defective in Mater hypomorph oocytes.
Ca 2+ oscillation patterns are altered in Mater hypomorph oocytes following fertilization
Ca 2+ oscillations are dependent on intracellular Ca 2+ stores and are believed to have a spatio-temporal relationship with clustering of these stores in the oocyte cortex. Given the observed decrease in ER cortical clusters and intracellular Ca 2+ stores in Mater tm/tm oocytes, we next tested whether Ca 2+ oscillation patterns might be altered in Mater hypomorph oocytes following fertilization. Zona-free MII oocytes were loaded with Fluo-4 and were then inseminated (~100 sperm/μl) with capacitated epididymal sperm and the Fluo-4 signal was captured at 20 seconds intervals for 2 h. In vitro fertilization was confirmed by the visualization of the extruded second polar body ~2 h following fertilization (Fig. 5A). [We note that delays in polar body extrusion were not observed in Mater tm/tm oocytes.] The Ca 2+ oscillation profiles of fertilized Mater +/+ and Mater tm/tm oocytes were then analyzed using ImageJ and the amplitude of the first peak was averaged. Results showed that the initial Fluo-4 peak in Mater tm/tm oocytes was reduced by ~46% compared to Mater +/+ oocytes. Additionally, we found that the frequency of subsequent Ca 2+ oscillations was about 50% higher in Mater tm/tm oocytes compared to Mater +/+ oocytes ( Fig. 5B and C) . These results suggest that depletion of Mater severely hampers the ability of oocytes to generate functional Ca 2+ oscillations. Alternatively, it is also possible that the observed decrease in first peak Ca 2+ amplitude in mutant oocytes is due to preferential sequestration of Fluo-4 into organelles in Mater tm/tm oocytes. However, given that baseline fluorescence levels were similar between wild type and mutant oocytes (data not shown), this alternate hypothesis seems less likely.
Discussion
In this report, we first document that MATER is required for the proper targeting of the ER to the microvillar cortex in mature metaphase II-arrested oocytes. While the precise mechanisms behind this targeting defect remain unclear, our finding that MATER interacts with tubulin and appears to play an important role in microtubule dynamics suggests that the ER positioning defect in mutant Mater oocytes is likely caused by defects in the oocyte cytoskeleton. Regarding how MATER may regulate microtubule dynamics, we have previously documented that MATER is required for the formation of the oocyte cytoplasmic lattices (Kim et al., 2010) , a PADI6 and tubulin containing structure that is required for organelle positioning and movement during oocyte maturation (Kan et al., 2011) . These observations suggest that MATER works in concert with PADI6 and tubulin to orchestrate organelle redistribution during oocyte maturation.
Previous studies have shown that ER redistribution during oocyte maturation is required for the generation of functional long-lasting calcium oscillations following fertilization (Kline et al., 1999; Stricker, 1999) . Our studies found that ionophore-induced calcium release was reduced by ~40% in mature MII-arrested Mater tm/tm oocytes compared to wild type oocytes. This observation supports the hypothesis that disregulated ER targeting and clustering in Mater tm/tm oocytes compromises ERs ability to sequester and store calcium during oocyte maturation. We next tested the effect of MATER mutation on fertilization-induced calcium oscillations and found a ~50% decrease in the initial calcium peak in mutant Mater oocytes compared to controls. Previous reports using Mater hypomorphs have demonstrated that MATER is essential for progression beyond the two-cell stage of development (Tong et al., 2000) . By coupling this finding with our current study, we hypothesize that the Mater tm/tm oocytes are capable of generating calcium transients that are sufficient for the initial stage of development but are insufficient for development beyond the two-cell stage. This prediction is supported by previous studies which show that manipulation of Ca 2+ oscillation parameters (including amplitude and frequency) in parthenogenetically activated oocytes results in decreased developmental potential (Vitullo and Ozil, 1992; Bos-Mikich et al., 1997) . While our report has focused on the role of MATER in ER positioning and distribution, another group has recently investigated the role of MATER in mitochondrial positioning and function. This study found that, similar to the ER defect described in our report, Mater tm/tm metaphase II-arrested oocytes also display an altered mitochondrial distribution pattern (Fernandes et al., 2012) . Also, this group showed that mitochondria in 2-cell embryos were dysfunctional. Given the well-documented interplay between mitochondria and ER with respect to Ca 2+ homeostasis, it is possible that the Ca 2+ store defect described in our study could be attributed, in part, to the loss of a functional interaction between the ER and mitochondria in mutant oocytes. Importantly, this study also found that Mater tm/tm oocytes/zygotes appear to be under mitochondrial stress, as documented by the upregulation of the phosphorylation in oxidative stress marker, p66Shc (Gertz and Steegborn, 2010) . Therefore, in this study we assessed whether Mater tm/tm oocytes are under ER stress by measuring protein levels of a canonical marker for ER stress, GRP78 (HSPA5), (Hendershot, 2004) (Supplemental Fig. 3) . Results show that there is no discernible effect on GRP78 expression level between Mater +/+ and Mater tm/tm MII oocytes, implying the defects of Ca 2+ homeostasis shown in Mater tm/tm MII oocytes are not likely due to ER stress.
In conclusion, our findings suggest that MATER plays an important role in microtubule dynamics and ER redistribution during oocyte maturation. Additionally, we demonstrate that MATER appears to be required for the proper storage of Ca 2+ within the ER in mature MIIarrested oocytes. Lastly, we predict that the observed Ca 2+ oscillation defects in mutant Mater oocytes is likely one cause of the subsequent 2-cell developmental arrest in these embryos. Future experiments will directly test these hypotheses.
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